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I N T R O D U C T I O N
The effect of abnormal sensory experience on the development of cortical response properties was seminally explored by Wiesel and Hubel (1963) in the kitten visual system. Since those first observations were made, the nontraumatic reduction in sensory activity during development has been shown to degrade circuit properties, upset the timing of synaptic activation among thalamic and cortical neurons and alter the excitatory/inhibitory balance in every sensory system. The effects of sensory deprivation on cortical activity and perception are particularly severe in humans affected by long-term sensory deprivation especially when the deprivation occurs during the postnatal critical period of the deprived sensory modality (Fine et al. 2003; Sharma et al. 2002) . The behavioral effect of sensory deprivation on cortical development has been studied in the visual, auditory, and somatic sensory systems, and all modalities share the common impairment of spike timing deficits and loss of perceptual acuity when behavior depends on the deprived cortex (visual: Mitchell 1988; auditory: Xu et al. 2007; somatic sensory: Carvell and Simons 1996) .
The primary representation of whisker inputs to rat S-I cortex, called the posteromedial barrel subfield cortex or simply the barrel cortex, has often been used as a model for studying plastic changes at the cortical level. The barrel cortex is organized in anatomical barrel columns, one for each whisker, surrounded by septal regions (Woolsey and Van der Loos 1970) . The barrel versus septal domains have strikingly different connections and functions in the rat brain (Chakrabarti and Alloway 2009; Kim and Ebner 1999; Shepherd et al. 2003) . The flow of intracortical excitation on striking a single vibrissae has been described as being transmitted within a column from a layer IV barrel, corresponding to the stimulated whisker, to the superficial layers above the same barrel, before spreading horizontally to the septal column and the neighboring barrel columns (Armstrong-James et al. 1992; Brecht and Sakmann 2002; Kim and Ebner 1999; Lubke et al. 2000; Petersen and Sakmann 2000) . However, in animals with their whiskers trimmed on one side of the face, the feed forward connection between layer IV and superficial layers is changed in a fundamental way (Allen et al. 2003; Rema et al. 2003; Shepherd et al. 2003) , and the robust barrel to above-barrel transmission seen in normal animals is reduced or eliminated, while at the same time neural transmission through the septum to above septum is significantly strengthened (Shepherd et al. 2003) . The latter studies were carried out in brain slices at an early age (PND 14), and it is important to determine whether or not this is a long-lasting change in the circuitry of barrel cortex in vivo.
Using single cell recording in vivo, we examined the cortex of rats having had their whiskers trimmed after birth. We compared the cortical responses of bilaterally deprived rats (complete whisker trimming on both sides of the snout for a period of 60 days) with unilaterally deprived rats (complete whisker trimming on only 1 side for the same period of time). The 2 mo trimming period also allowed for in vivo recording in animals of an appropriate age for this type of procedure without requiring for a long recovery period. Based on the increased responsiveness of septal column neurons in UD rats compared with controls, the results presented here confirm the conclusion that UD produces a shift in transmission from barrel columns to septal columns. The nondeprived barrel cortex projects to septal zones in the deprived hemisphere, making the contralateral cortex a candidate for causing the shift to septal transmission. If this hypothesis is true, one would predict the upregulation in the septum to be absent when the whiskers are trimmed on both sides of the face. The results from bilateral deprivation confirm this prediction.
M E T H O D S
All procedures were approved by the Vanderbilt University Institutional Animal Care and Use Committee following guidelines set by the U. S. Department of Agriculture, the National Institutes of Health, and the Society for Neuroscience.
Sensory deprivation
Twenty-four adult Long-Evans rats (250 -350 g, 2-3 mo) produced from three litters were used in this study. Of these, 7 animals had all their whiskers trimmed only on the right side of the face (unilaterally deprived group or UD), 7 had all their whiskers trimmed on both sides (bilaterally deprived group or BD), and 10 were handled but not trimmed (control group). Starting from birth, whiskers were trimmed to the level of the guard hairs for Ն60 days: every day for the first 30 days and every 2 days after PND 30 as the growth rate declined. During the entire whisker-trimming period, the whisker-trimmed animals were caged with their control littermates and nurtured by their mother until weaning. We define as recovery period the time during which whiskers were allowed to re-grow. The recovery period used in the experiments described in this paper was 5 days, equal to the period of time necessary for whiskers to re-grow to a length sufficient to allow them to be stimulated without touching the guard hairs.
Surgery and recording
During recording sessions, the rats were urethan anesthetized (1.5g/kg ip, 30% aqueous solution) and mounted in a stereotaxic apparatus (Narashige, Japan). A craniotomy was made from 4 to 7 mm lateral to the midline and from 0 to 5 mm posterior to Bregma to expose the left barrel cortex. Body temperature was maintained at 37°C. Supplementary injections (10% of the initial dose) were given as needed to maintain the anesthesia at stage III-3 (Friedberg et al. 1999; Sceniak and Maciver 2006; Simons et al. 1992) . After making a small opening in the dura mater, microelectrodes were advanced perpendicular to the cortical surface and contact with the pia was identified visually through an operation microscope. We used up to five quartz glass-insulated, platinum/iridium microelectrodes having 2-6 M⍀ resistance (Uwe Thomas Recordings, Giessen, Germany). The electrodes were linearly arrayed, 305 m apart, and advanced into the brain independently using an Eckhorn microdrive system (Uwe Thomas Recordings). The analog signal thus recorded was transferred to a MAP Plexon system (Plexon) and digitized at 40 kHz. Spike multiunit activity was collected on-line using Sort Client software (Plexon) and stored for further off-line analysis. The electrodes were first lowered into layer IV to map the multiunit receptive field, and the three whiskers that evoked the largest amplitude responses on each electrode were selected for further analysis [based on multiunit poststimulus time histograms constructed on-line using PeriEvent Client (Plexon)]. Multiunit activity was recorded from layers II ϩ III (depth of 150 -450 m) and layer IV (depth of 450 -800 m) (Li et al. 2005) . The recording depth was identified by the microdrive readings and later compared with histological localization of a lesion. Electrodes were advanced or retracted in 100 m intervals to minimize the chance of recording from the same cells twice.
Stimulation
All whiskers were trimmed to 5 mm beyond the fur to keep the distance from the follicle to the stimulator consistent in all groups. A piezoelectric stimulator was used to deliver 100 stimuli at 600 m amplitude, 4 ms duration, 2 ms rise time, and 2 s interstimulus interval in a caudal direction. The piezoelectric wafer was actuated by a custom waveform that rounded the peak and then moved the probe away from the whisker for 100 ms poststimulus. The voltage was provided by a digital stimulator DS8000 (WPI) which, in turn, was triggered by a Spike 2 (CED, UK) program written in-house.
Histology
At the end of each recording session, the electrodes were moved to 700 m, and electrolytic lesions were made using a DC current of 1 A for 2 min. This low current produces a lesion clearly visible in cytochrome oxidase (Fig. 1 , A-C) stained tangential slices that allowed the localization of the electrodes in barrel or septal columns. The center of each lesion was located and care was taken to clearly determine whether a penetration was in a septum or a barrel. Lesions that overlapped the barrel-septum boarder were excluded from the analysis.
On completion of the experiments the animals were given a lethal dose of urethan and were perfused transcardially with PBS followed by phosphate buffered 4% paraformaldehyde. Brains were postfixed overnight and then saturated in 30% sucrose. The hippocampus was removed from the hemisphere, the cortex was flattened, sectioned tangentially and stained for CO activity (Wong-Riley and Welt 1980) to localize barrels, septa, and lesion sites. A typical histological section showing three lesions is shown in Fig. 1A . All of the penetrations in barrel columns and all of the penetrations in septal columns are shown in Fig. 1 , B and C.
Data analysis
Off-line analysis of the data included sorting of waveforms from single cells in off-line sorter (Plexon), during which units were classified based on their waveform duration as fast spiking (FSU Ͻ750 s) or regular spiking (RSU Ͼ750 s) units (McCormick et al. 1985) . Additionally, units were grouped based on whether they were in layer II/III or IV as well as in a barrel or septal column (from histology; see Table 1 ). A barrel column consists of neurons located in, above, and below the CO dense "barrels" in layer IV. A septal column was defined as a region in barrel cortex that is in the relatively CO sparse matrix around the barrel columns. The electrodes were lowered as close to perpendicular to the surface of cortex as possible. In practice, if the lesion made in layer IV of each electrode penetration was located in a CO dense barrel area, then the cells in all layers of that penetration were assigned to a barrel column. If, on the other hand, the lesion was located in the CO sparse septal areas between barrels, the electrode was assigned to one or another layer of a septal column. The magnitude of response was defined as the total number of spikes in the 100 ms poststimulus PSTH, and was calculated for all whiskers that generated a response at each recording site. We then assigned the whisker eliciting the highest magnitude of response as the "principal whisker" for the barrel neurons. A principal whisker was easy to define for the barrel domains because one whisker produced two to three times as many poststimulus spikes as the second best whisker in its receptive field. Finding the principal whisker in septal areas was more difficult, and the whisker producing the greatest number of spikes in the PSTH was chosen as the "best whisker" even though another whisker might generate nearly the same amplitude of response. We determined whether the sorted cells from each recording site were responsive to stimulation by using a paired t-test to compare the number of spikes occurring in the 50 ms prestimulus with those occurring the in 50 ms poststimulus. If the difference was statistically significant, the cell was deemed responsive and included in the analysis.
Poststimulus time histograms (PSTHs) and latency histograms (LHs) were constructed for each cell's response to the best whisker using NEX (NEX Technologies), a custom NEX script (provided by Dr. Alex Kirilov) and custom MATLAB software (Mathworks). The latency histogram was compiled as a PSTH in which only the first spike after each stimulus was plotted to construct the histogram (here called a 1st spike histogram). Each cell's PSTH was corrected for spontaneous activity by subtracting the averaged number of spontaneous events occurring 50 ms before each stimulus from each poststimulus bin. The individual PSTHs were amalgamated to construct the population PSTH, and to subdivide the total response into sequential poststimulus epochs. All data were averaged among cells in each category. For a first approximation, we assumed that the first 10 ms was dominated by thalamic (VPM) inputs, the 10 -20 ms by both thalamic and intracortical inputs and the 20 -50 ms period was dominated by intracortical inputs (Agmon and Connors 1992; Armstrong-James and Callahan 1991; Armstrong-James et al. 1991). All comparisons were averaged by pooling all cells from all animals under a given condition. A series of Student's t-test were used for estimating the significant effects. The Bonferroni correction was applied, and P values Ͻ0.01 were considered significant.
R E S U L T S

Alterations in response levels to principal (best) whisker stimulation in layer IV
The responses of two cortical cells in spatially different locations in layer IV barrel cortex to best whisker stimulation are shown in Fig. 2 in which the deficits produced by UD and BD can be clearly distinguished. However, these effects differ in barrel and septal locations and such differences are obvious in the UD animals, particularly in the intermediate and late epochs. Population PSTHs compile the responses of RS neurons in barrels ( Fig. 2A) and septum (B) to illustrate these differences.
In layer IV barrels, the uni-and bilateral sensory deprivation produced different anomalies in the RS cell population. BD rats showed a marked decrease in responses at early and intermediate latencies, while UD rats showed deficits only in the early poststimulus epoch responses, leaving the later epochs unchanged (Fig. 2C) . The firing rate of the RS septal cells in UD rats was significantly increased in the intermediate and late epochs (Fig. 2D) , leaving the overall magnitude of responses in the septum elevated compared with control (Supplemental Fig. S1B ).
1 In fact, the only unifying change between the two layer IV locations, barrels and septa, and between the two deprivation types, UD and BD, was the decrease in the early epoch responses. Thus despite the fact that these cells are of the same type, the differences in the sensory experience to which the animal was exposed, as well as the differences between the barrel and septal network in which they were embedded, had a strong impact on the number of spikes generated in the intermediate and late poststimulus epochs.
The effects of sensory deprivation are less pronounced on the FS barrel cells than on the RS barrel cells, producing a decrease only in the early epoch firing rate after BD and no change from control rates after UD, irrespective of spike timing (Fig. 2E) . In the septal locations of BD rats, the FS cell responses are very similar to those described in barrels: firing rates decrease only in the early epoch (Fig. 2F) . In UD rats, however, the same type of septal cell shows an increase in the intermediate and late epochs (Fig. 2F) , which translates into an increase in the magnitude (Supplemental Fig. S1D ). Thus the striking difference between barrel and septal domains seen in layer IV RS cells is maintained only in the UD cells: BD effects on the FS population are the same throughout layer IV.
Alterations in response levels to principal or best whisker stimulation in layer II/III
The main differences described in layer IV between UD and BD, as well as between barrel and septal areas in UD animals, 1 The online version of this article contains supplemental data. Table 1. were also present in the superficial layers. After both UD and BD, the responsiveness of the RS cell population located above barrels showed a marked decrease in the early epoch; however, only after UD were responses elevated in the intermediate epoch (Fig. 3A) . Above septa BD produced a decrease in the early epoch firing rate of RS cells similar to that seen above barrels (Fig. 3B) . In contrast, responses were elevated after UD above barrels (intermediate epoch) and above septal locations (all poststimlulus epochs; Fig. 3B ), resulting in an increase in the overall response magnitude (Supplemental Fig. S1F ).
Above barrels, BD produced similar effects on the FS cells (Fig. 3C) as on the RS cells (A). However, the dynamics of the changes induced by UD on the same cell population (Fig. 3C ) are more complex: a firing rate decrease in the early epoch is coupled with a firing rate increase in the intermediate and late epochs. In the preceding-septum domain, we found no significant change in the FS cell responsiveness after BD (Fig. 3D) but detected a firing rate increase in the intermediate and late epochs, as well as in the overall magnitude after UD ( Fig. 3D and Supplemental Fig. S1H ). The FS cells located in the superficial layers stand out from all our "cell type-location" groups in that they are the only group in which we see a difference between the barrel and septal column after BD as well as similarities (increase in the intermediate and late epoch firing rates) between the same two locations after UD.
Alterations in the response latency in layer IV and superficial layers
We examined whether the same cell populations showed changes in response latency to principal or best whisker stimulation after long-term deprivation. For this reason, the peak of the LH was plotted and the 10 ms LH epoch counts were compared between groups to show changes in the timing of the first spike poststimulus.
In layer IV, we found an increase in latency after BD in RS units in the barrel and septal areas (Fig. 4, C and D) , as well as in the septal FS units (H). However, despite the fact that UD did not produce any significant change in onset latency, the time-locking of the first spikes with the stimulus was modified. The time-wise distribution of the first spike showed a significant increase in the 10 -30 ms poststimulus epochs (P Ͻ 0.01), and this increase was restricted to the septal domain. The raster plots in Fig. 4 , B and F, show one RS unit and one FS unit that emphasize the degradation of the first spike distribution.
In the superficial layers, RS units showed an increase in onset latency in both barrel and septal columns after BD (Fig. 5, C and  D) . As in layer IV, despite the fact that the onset latency was maintained after UD, the time-locking of the first spikes with the stimulus was prolonged. The number of first spikes arriving in the 10 -30 ms poststimulus epoch was significantly greater in UD rats when compared with deprived (P Ͻ 0.01) for all above-septal cells (Fig. 5, B and F) .
Spontaneous activity
The average spontaneous activity levels were not significantly different from control in either UD and BD animals irrespective of layer and cell type. The average was around 1 spike/s when only responsive neurons were included in the sample population. We did not test for cells without spontaneous or stimulus-driven activity. 
L23 above barrel R S cells
D I S C U S S I O N
A central finding of this study is that long-term UD starting at birth, with a minimal recovery period before recording, produces a strong shift in sensory processing from the cortical barrel circuit to the cortical septal circuit. The increased responsiveness of the septal column cells was always present in the intermediate and late poststimulus epochs. This increase was not present in BD animals the responses of which showed no change from control levels in the same epochs. Because this result was accompanied by an increase in the overall magnitude of the septal column cell responses (see Supplemental Fig. S1 ), the increase in responsiveness occurring in the longer latency epochs is an actual upregulation and not just a delay in spike timing. This result, as well as the temporal dispersion of responses after BD, renders the deficits associated with BD strikingly different from those found after UD. Thus UD does not faithfully represent the correlation between physiological and behavioral deficits produced by BD rearing.
UD septal upregulation driven by commissural inputs: an hypothesis
Because the left and right whisker-to-barrel cortex lemniscal pathways are not interconnected until they reach the cortical Table 1 for each group). Rasters show the distribution of the 1st spikes poststimulus over 100 trials for a typical neuron after control, UD and BD rearing. The bar graphs show the mean onset latency ϮSE for the population. *, differences at P Ͻ 0.01. A: single RS barrel neuron 1st-spike raster plot after control (Aa), UD (Ab), and BD (Ac) rearing. First spikes are well timedlocked to the stimulus in control and UD animals, but there are fewer 1st-spike occurrances per trial and temporal dispersion of those that do occur after BD. B: single RS septal neuron 1st-spike raster-plots from control (Ba), UD (Bb), and BD (Bc) animals. First spikes are well time-locked with the stimulus in controls, but the number of later arriving 1st spikes increases after UD and especially after BD. C: RS barrel cell onset latencies (means Ϯ SE). BD produces a striking delay in the onset of responses in barrel cells. D: RS septal cell onset latencies (means Ϯ SE). E: FS barrel cell 1st spike raster plots from control (Ea), UD (Eb), and BD (Ec) animals. First spikes are well timed in control and UD animals but are dispersed after BD. F: FS septal cell 1st spike raster plots after control (Fa), UD (Fb), and BD (Fc) rearing. G: FS barrel cell onset latencies (means Ϯ SE). H: FS septal cell onset latencies (means Ϯ SE). See text for details.
level, trimming all whiskers on one side of the face often has been compared with binocular deprivation in the visual system. However, an increasing number of papers have demonstrated responses to ipsilateral whisker stimulation (Shuler et al. 2001; Wiest et al. 2005) or interactions with the contralateral barrel cortex (Li and Ebner 2006; Li et al. 2005 ) that can influence not only the cortical responses in the opposite hemisphere but also the efficacy of their thalamic inputs.
Our data are consistent with the idea that the sensory input from whiskers on one side of the face can act through commissural connections to modulate sensory responses in the other hemisphere. Callosal fibers project in a roughly topographic manner to superficial layer and deep layers but contact only septal zones in layer IV (Hayama and Ogawa 1997; Olavarria et al. 1984) . We found that septal column cells as well as FSU's above barrels had upregulated responses to their strongest whisker input in the intermediate and late epochs only when rats had been unilaterally deprived. The presence of this upregulation in the intermediate and late epochs is consistent with an intracortical origin of this facilitation. Septal column upregulation following UD in vivo confirms the major finding of Shepherd et al. (2003) about the ratio of commissural excitatory and inhibitory inputs in different areas of various species and with age (Dolan and Cahusac 1996; Shoykhet et al. 2005) . It is likely that the deprivation-induced changes in response magnitude and latency shown here also have a profound effect on modulation of spike timing between layer IV inputs and the discharge of II/III neurons with an accompanying weakening of synaptic drive in layer II/III neurons by the lemniscal inputs (Celikel et al. 2004; Stern et al. 2001 ) and a delay in onset of plasticity after acute whisker trimming (Rema et al. 2003 ).
An alternative interpretation of our results, based on anatomical evidence, would be that a second septal column input, the POm thalamic nucleus (Lu and Lin 1993) , is the driving force behind upregulation in UD barrel cortex septa. Physiological evidence has suggested that septal cells are driven by thalamic inputs (Brumberg et al. 1999; Fox et al. 2003) , but this driving input has been recently shown to arise from a separate dorsal subdivision of the VPM nucleus in rats (Furuta et al. 2009 ). This leaves the POm inputs to the septa with a different functional role. It would be unexpected if deprivation led to the paralemniscal pathway becoming stronger than the lemniscal pathway because one would expect the same effects of low activity to be present after the whiskers are trimmed on both sides (BD). The fact that septal columns are not upregulated after BD isolates the presence of active inputs from the contralateral hemisphere as a likely cause of the upregulating effect. Li and Ebner (2006) have shown that VPM responses are suppressed after silencing the contralateral hemisphere. Therefore it is logical that active callosal inputs would have a positive effect on septal cells in the deprived barrel cortex.
Other cortical areas that provide a selective input to the septal columns are M-I (Alloway et al. 2004 ) and S-II (Koralek et al. 1990 ). However, because these areas also receive robust commissural inputs and because the intermediate and late epoch responses are upregulated in the UD rats but not in the BD rats, one cannot exclude indirect callosal inputs to barrel cortex as a potential mechanism for the septal up-regulation. Figure 6 illustrates the circuitry that could be, directly or indirectly, upregulated after UD.
Alternate explanations for septal column upregulation
Several studies have shown that a lack of activity early in development can cause thalamic fibers to misdirect their cortical terminals (Jensen and Killackey 1987; Stryker and Harris 1986) , and recent evidence indicates that developmental sprouting and retraction may play a role in such changes at any age (Bruno et al. 2009 ). VPM barreloid axons could fail to restrict their projections to the appropriate barrel target and spread into the surrounding cortical areas. If such an expansion occurred, one would expect the short latency responses of layer IV septal cells or superficial layer cells to be upregulated. However, with the exception of the RSU's above septa in UD rats, our data do not show this upregulation after UD or after BD. It is possible, however, that such aberrant synapses do not develop normal VPM-to-cortical cell synaptic efficacy, and thus their influence may appear in the intermediate or late epochs. Indeed the first spike distribution in UD rats shows that in contrast to normal animals, layer II/III cells in and above the septa lose their stimulus time-locked characteristic, a finding correlated with the increases in the intermediate and late epoch counts. However, two arguments could weaken this interpretation: first, the circumscribed CO patches (barrels) still form despite neonatal sensory deprivation, and second, data from BD animals do not show the same increase as those from UD animals. Finally, conclusions from anatomical studies indicate that intracortical, but not thalamocortical, connections are affected by similar BD rearing (Keller and Carlson 1999; McCasland et al. 1992) .
It is possible that UD and/or BD cause the animals to develop different motor strategies that are independent of the cortical bilateral integration mentioned in the preceding text. These different motor activities could have different effects on the septal cells via M-I and/or the paralemniscal pathway, which is implicated in control of rat whisking behavior (Derdikman et al. 2006; Urbain and Deschenes 2008) . Carvell and Simons (1996) showed that long term BD prior to long term recovery produced diminished whisking frequencies below the normal 8 -12 Hz range. However, BD effects are not likely to be due to a simple decrease in motor activity because sectioning the motor nerve produced few, if any, changes in cortical responses (Erchova et al. 2003) .
Finally, the septum and superficial layer upregulation could be due to an imbalance between excitation and inhibition. However, our results show changes in the same direction in the responses of both FS, putatively inhibitory, units and RS, putatively excitatory, units. These changes took place in both UD and BD cortices. We concluded that the balance between the excitation and inhibition is maintained at a certain level although there are demonstrated exceptions: inhibitory neurons are restricted in their ability to respond to changes in activity levels after sensory deprivation (Akhtar and Land 1991; Land et al. 1995) , there are increased flat-symmetrical (putative inhibitory) synapses on dendritic spines in the barrels (Micheva and Beaulieu 1995; Vees et al. 1998), and an increase in a1 GABA subunits is apparent in one category of inhibitory neuron (Land et al. 1995) . Numerous papers show that neurons are equipped with homeostatic mechanisms that allow them to restore their firing rates to control levels following activitydependent changes (Burrone et al. 2002; Turrigiano 2007; Turrigiano et al. 1998) . Under conditions of global deprivation, as in our study, when other competitive inputs that could generate a Hebbian type of plasticity are weak, such homeostatic processes may prevail. However, controlling the firing rate may not be equivalent to controlling the timing of firing. Another major deficit of BD is a dramatic decrease in synchronous firing at rest (spontaneous firing synchrony), and this impairment could render the increased firing of superficial layer cells ineffectual in developing normal circuit properties (Ghoshal et al. 2009 ).
